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ABSTRACT 
 
 Owing to the growing demand for enantiopurity in biological and chemical processes, 
tremendous efforts have been devoted to the synthesis of homochiral metal-organic materials 
(MOMs) because of their potential applications in chiral separation and asymmetric catalysis. In 
this dissertation, the synthetic strategies for homochiral MOMs are discussed keeping the focus 
on their applications. Two distinct approaches have been taken to synthesize chiral structures 
with different topologies and accessible cavities. The chiral MOMs have been utilized in 
enantioselective separation of racemates. 
 Chiral variants of the prototypal metal-organic framework MOF-5, Λ-CMOF-5 and Δ-
CMOF-5, have been synthesized by preparing MOF-5 in the presence of L-proline or D-proline, 
respectively. CMOF-5 crystallizes in chiral space group P213 instead of Fm-3m as exhibited by 
MOF-5. The phase purity of CMOF-5 was validated by single crystal and powder X-ray 
diffraction, IR spectroscopy, TGA, N2 adsorption, microanalysis and solid-state CD. CMOF-5 
undergoes a reversible single crystal to single crystal phase change to MOF-5 when immersed in 
a variety of organic solvents although N-methyl-2-pyrolidone, NMP, does not induce loss of 
chirality. Indeed, MOF-5 undergoes chiral induction when immersed in NMP, affording racemic 
CMOF-5. 
 A pair of homochiral network materials (CNMs), [Co2(S-man)2(bpy)3](NO3)2∙guests (1S) 
and [Co2(R-man)2(bpy)3](NO3)2∙guests (1R) based upon S-mendelic acid and R-mendelic acid 
were synthesized and characterized, respectively. The cationic networks contain 1D homochiral 
vii 
 
channels with the cross section of 8.0 Å × 8.0 Å. The chiral amphiphilic channel surfaces lined 
with hydrophilic nitrate anions and hydrophobic phenyl groups are capable for multiple 
interactions with guest species. Chiral resolution of 1-phenyl-1-propanol (PP) enantiomers was 
performed utilizing the homochiral porosity of 1S and 1R through different time period at 
different temperatures with/without additives. The mechanism for enantioselective separation of 
PP was fully investigated through single crystal structural analysis of guest exchanged 1S and 1R. 
Chiral resolution of PP revealed enhanced performance with additive, which can significantly 
improve the ee value from 32% to 60%. 
  
CHAPTER 1 
Introduction 
 
1.1. Overview 
 
 Chirality is an essential feature of life and plays a vital role in various biological 
functions. Further, there are numerous applications in chemistry as exemplified by the 
need for enantioselective catalysis and separations. The production and availability of 
enantiomerically pure compounds are thus of great importance to the fine chemical and 
pharmaceutical industries.1,2 Although a number of stereoselective syntheses have been 
described and applied to the production of single enantiomeric substances, relatively few 
are selected for large-scale preparations as a result of the expensive and time consuming 
process of asymmetric synthesis.3,4 Therefore, the development of chiral porous materials 
for the separation of enantiomers has an interesting potential. 
 On the basis of combining chirality and porosity in a single material, inorganic 
zeolite is one type of this material which is constructed from SiO4 and AlO4 tetrahedral 
building blocks. Although there are several zeolite frameworks have been identified as 
chiral, the attempts to prepare homochiral or enantioenriched solid materials barely 
achieved any success.5,6 The synthesis of chiral zeolite forms only as a racemic 
conglomerate with no evidence of control over the handness of the bulk material, during 
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which high temperature calcination to remove the surfactant templates destroys the 
chirality of the aluminosilicate-surfactant assemblies.7  
 
 The other type of porous materials is metal-organic materials (MOMs), also 
known as coordination polymers (CPs) or metal-organic frameworks (MOFs), which 
consist of metals or metal clusters (‘nodes’ or ‘molecular building blocks’) coordinated to 
multi-functional organic ligands (‘linkers’).8-10 There was growing activity and 
considerable promise for MOMs, such as gas storage and separation. Interest in MOMs 
exploded in 1999 following reports concerning HKUST-111 and MOF-5,12 the prototypal 
 
Figure 1.1. Number of publications and citations per year from 1995-2012 for articles on the 
topic of “coordination polymers” or “metal-organic frameworks”. 
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extra-large surface area porous MOMs. Thanks to bibliometrics, it is possible to quantify 
the dramatic growth in activity and impact of this subject (Figure 1.1). 
 
1.2. Chirality in crystalline MOMs 
 
 In molecular level, chirality refers to a type of molecule that has a non-
superposable mirror image. Two mirror images of a chiral molecule are called 
enantiomers or optical isomers. The chiral sense of a molecule is specified by its absolute 
configuration (R/S, D/L, or Δ/Λ). The presence of one or more stereogenic centers are the 
feature that causes chirality in molecules. Typically the stereogenic center is arise from 
asymmetric atom (amino acids), helix (DNA) or metal complex (hexol), which is the 
components of subunits (building blocks). The chirality of the solid is transformed from 
the arrangement of subunits.  
In symmetry terms, chirality occurs when an object has only rotational and 
translational symmetry and no plane of symmetry or inversion center. Among 230 space 
groups which combine 32 crystallographic point group and 14 Bravais lattices, only 65 
are noncentrosymmetric. In other words, chiral MOMs must crystalline in one of these 65 
space groups due to the embedded chirality in the subunits.  
 Although the absolute configuration of a chiral crystal can be determined by X-
ray diffraction experiment,13 for enantioselective applications just being chiral is not 
enough. The bulk sample must be enantiopure or at the very least enantioenrich to a 
significant degree. Just like racemic mixture of chiral molecules, a bulk sample of a solid 
can be a racemic conglomerate with a mechanical mixture of enantiomerically pure 
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crystals of one enantiomer and its opposite. Similarly, both enantiomers can also occur in 
equal proportions in one crystal, which is pseudoracemate. Obviously, a racemic 
conglomerate or pseudoracemate is unlikely to be of any use in an enantioselective 
process. The significant challenge is how to control the process so that the enantiomeric 
excess of the desired chirality in the bulk solid is as high as possible, and preferably 
100%. 
 
1.3. Strategies for preparing homochiral MOMs 
 
There are two general approaches to synthetic design chiral MOMs: pre-synthesis 
and post-synthesis. Conceptually pre-synthesis method to obtain a chiral solid is to use a 
chiral component as a starting point, including direct synthesis and template synthesis. 
However, post-synthesis method, also called post-synthetic modification (PSM), 
facilitates attachment of chiral units at the organic linker or at unsaturated metal centers. 
 
1.3.1. Pre-synthesis method 
 
One way of direct synthesis method is from totally achiral components to generate 
only one enantiomorph via spontaneous resolution. In 1999, Aoyama et al.14 reported the 
first example of crystallizing homochiral MOM based on Cd2+ ions and achiral 5-(9-
anthracenyl)pyrimidine (apd) bridging linker. The chirality of the helical compound 
arises from a metal-ligand helical array and could be controlled by chiral seeding not only 
in the crystallization but also in the solid-state helix winding. However, in most of the 
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cases the bulk samples built from achiral or racemic components tends to be 
conglomerate containing both enantiomorphs. The most effective way to make crystalline 
homochiral MOMs is utilizing enantiopure organic molecules as the primary linker or as 
a supplementary or auxiliary co-ligand to control the stereochemistry of SBUs. The direct 
participation of chiral components into the assembly process warrants the chirality in the 
resulting network structures. A pioneering example of a porous homochiral MOF built 
from enantiopure SBUs was provided by Kim and co-workers15 who synthesized POST-1, 
a zinc MOM based on D-tartaric acid derivative. This porous solid shows 
enantioselectivity for asymmetric transesterication reactions. The second approach, 
pioneered by Rosseinsky and co-workers16, uses an auxiliary enantiopure diol that 
coordinates to single metals in combination with achiral linker, forcing homochirality on 
the bulk solid that is otherwise racemic. The stereochemistry of the alcohol bound to the 
metal controls the helicity of the chiral framework. This method has significant 
advantages over the first method, in that the organic linker itself does not have to be 
chiral, extending the possible compositions available. 
The other way to achieve homochiral MOMs from achiral building blocks is 
chiral template synthesis method, in which the chiral molecules or charge balanced ions 
force the building blocks to crystallize into a particular topology by enantiospecific 
supramolecular interactions. Chiral template induction can be categorized into chiral 
solvent and chiral additives effects. The structure and chemical properties of guest 
template molecules can be transcribed into pore shapes. In 2007, chiral induction was 
reported by Morris and coworkers17 by using 1-buty-3-methy imidazolium l-aspartate 
ionic liquid to direct spontaneous crystallization of homochiral MOMs. Chiral template 
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induction was further supported by the evidence that D-aspartate included ionic liquid led 
to a crystallized material with the opposite chirality. Bu et al.18 has demonstrated chiral 
induction of homochiral MOM from achiral precursors by employing chiral additives. 
MOMs of opposite chirality could be obtained when they were prepared in the presence 
of D- or L-camphoric acid. While without chiral additives, the resulting products were 
found to be a different achiral framework.  
 
1.3.2. Post-synthetic modification (PSM) 
 
An alternative way to synthesis homochiral MOMs with functional groups is PSM 
of a parent MOM. One is chemical approaches that result in covalent modification of the 
organic linkers within the framework; the other one is the modification of unsaturated 
metal sites located at the SBUs of MOMs. PSM also allows for the fabrication of 
homochiral MOMs in the aim of heterogeneous, asymmetric catalysis. Pioneered work 
was investigated by Lin and coworkers19 for the metalation of MOMs. In 2009, Kim and 
coworkers20 demonstrated for the first time that chiral porous MOMs could be fabricated 
from pre-assembled achiral MIL-101 by PSM with chiral catalytic units coordinated to 
the unsaturated metal sites. In contrast to unmodified parent MIL-101, these two chiral 
MOMs are capable of catalysing asymmetric aldol reactions with high enantioselectivity. 
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1.4. Enantioselective separation applications of homochiral MOMs 
 
 The scientific and economic relevance of optically pure compounds has 
significantly increased for the development of enantioselective separation. Particularly, 
pharmaceutical industries desire to produce the active isomer of chiral drugs in optically 
pure form to avoid side effects. Although huge efforts have devoted to the stereoselective 
syntheses of single enantiomeric substances, relatively few are applied for industrial scale 
preparations because of the recovery and reuse of highly expensive chiral catalysts. Thus, 
an alternative way to achieve this goal is chiral separation, which is an important 
technique in chirotechnology. In principle, homochiral MOMs with extra-large surface 
area and well-defined pore size have the qualities to be efficient materials for 
enantioselective separation processes. 
 Since 2000, Kim et al.15 pioneered the resolution of racemic metal complex by a 
chiral 2D layered MOM with a 66% enantiomeric excess (ee). Subsequently, several 
research groups including Rosseinsky, Lin, Xiong, Cui, Chen and others have designed 
and synthesized several homochiral MOMs capable of enantioselective sorption of chiral 
organic molecules. In 2001, Xiong and coworkers21 created the precedent of 
enantioselective sorption and separation capable of resolving racemic mixtures of small 
organic molecules based on a homochiral 3D zeolite-like MOMs. In 2004, Rosseinsky 
and coworkers22 reported several homochiral MOMs displaying enantioselective sorption 
that is strongly dependent on guest size. Two years later, Rosseinsky et al.23 reported 
nanoporous MOMs based on amino acid backbone for racemic diols separation. In the 
same year, Kim and coworkers24 utilized an L-lactate based homochiral MOM in 
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enantioselective sorption of various sulfoxides. In 2008, Cui and coworkers25 presented 
that large arrays of cyclic clusters with enzyme-like chiral cavities are promising 
materials for applications in separating small alcohols. In 2012, Chen et al.26 reported 
several metalloligand based chiral MOMs for selective recognition and separation of 
small alcohols. In 2014, the same group27 synthesized a chiral hydrogen bonded 
framework, which exhibits high enantioselective separation of secondary alcohols. 
 Inspired by the above success, homochiral MOMs have been used for 
chromatography and membrane-based separation. The first example of a chiral 
chromatographic column in high performance liquid chromatography was reported by 
Bryliakov and Fedin et al.in 2007.28 The enantiopure three-dimensional porous Zn–
organic framework was used as the stationary phase for the separation of a racemic 
mixture of chiral alkyl aryl sulfoxides. In 2011, Yuan and coworkers29 reported chiral 
MOMs coated open tubular columns, which are used in the high-resolution gas 
chromatographic separation of chiral compounds. In 2012, for the first time,30 a 
homochiral MOM membrane was prepared for the enantioselective separation of phenyl 
sulfoxide. In 2014, Tang et al.31 used a chiral stationalry phase coated by a homochiral 
MOM for high-performance liquid chromatography to enantioseparate racemic drugs.   
Overall, homochiral MOMs represent a key emerging field for enantioselective 
separation. The development in the introduction of porosity, rigidity and functionality in 
homochiral MOMs demonstrates the design and synthetic methodologies: (a) the size of 
the pore fit the substrate for proper differentiating interactions; (b) subtle steric 
interactions of substrates with channel surfaces alter enantioselection ability. Thus, it is 
crucial to tailor the chiral pores/channels with appropriate sizes and functionalities for 
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diverse substrates. In this case, understanding the mechanism of enantioselective 
adsorption will help gain insight into molecular level phenomena, which can further 
improve the enantioselectivity of MOMs. 
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CHAPTER 2 
Chiral Variant of MOF-5 by Chiral Induction 
 
2.1. Introduction 
Chirality is an essential feature of life and plays a vital role in various chemical 
and biological processes. Chirality in the solid-state manifests itself in applications such 
as enantioselective separation1-4, asymmetric catalysis1-6 and nonlinear optical behavior7. 
Metal-organic materials, MOMs,8-10 with extra-large surface area can combine chirality 
and nanoscale porosity in a single material. Syntheses of chiral MOMs has thus far 
tended to focus upon two main approaches: use of homochiral molecular building blocks, 
MBBs1, 11-13; spontaneous resolution of chiral nets comprised of achiral MBBs14-16. 
Homochiral MOMs are most typically generated through the former approach, with 
homochiral MBBs covalently bonded to the MOM framework as linking or pendant 
ligands. Such MOMs can be synthesized from homochiral starting materials or through 
postsynthetic modification (PSM)17-20 which exploits porosity to attach chiral moieties at 
organic linkers or unsaturated metal centers. Homochiral MOMs produced by PSM tend 
to exhibit reduced or lost pore volume but bulk chirality can also be created in the 
absence of homochiral MBBs and/or PSM. MOMs that exhibit network topology that is 
inherently chiral because of the spatial organization of achiral building blocks also offer 
provide a route to homochiral nets. Unfortunately, such MOMs tend to form through 
spontaneous resolution and are typically heterochiral, i.e. they are racemic conglomerates. 
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An approach to synthesis of chiral MOMs that can overcome the drawbacks of the 
aforementioned methods is the use of chiral additives that induce achiral MBBs to 
generate homochiral MOMs. Such chiral induction remains poorly understood but it 
offers the advantage that in principle it is not limited to particular MBBs or linkers. 
Recent examples of this approach include the synthesis of SIMOF-1 and 
[Mn3(HCOO)4(adc)] by Morris21 and Bu22, respectively. Nevertheless, the use of chiral 
induction to crystallize chiral MOMs with a particular composition and topology remains 
under studied, especially with respect to high symmetry MBBs that crystallize in high 
symmetry space groups. 
 In this contribution, we demonstrate that MOF-523, a high symmetry 
MOM which is one of the most studied metal-organic frameworks (MOFs),24-26 is subject 
to induced chirality during (chiral additives) or after (single-crystal to single-crystal, 
SCSC, transformation) synthesis. A new chiral variant of MOF-5, CMOF-5, is thereby 
afforded. We feel that such an observation is surprising given that MOF-5 is built from 
high symmetry 6-connected tetranuclear Zn4O clusters that are linked to form a primitive 
cubic or pcu network. 
 
2.2. Results and Discussion 
 
The formation of CMOF-5 induced by chiral additives (during synthesis) or 
solvent (post-synthesis) is outlined in Figure 2.1 and 2.2. Λ-CMOF-5 and Δ-CMOF-5 
were synthesized from a 1:1:1 mixture of Zn(NO3)2∙6H2O, 1,4-benzene dicarboxylic acid 
(H2BDC) and L-proline or D-proline, respectively, in N-methyl-2-pyrrolidone (NMP) 
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and water (4:1 v/v) at 120°C. Single crystal X-ray diffraction studies conducted upon 
CMOF-5 revealed that it crystalizes in the chiral cubic space group P213 and that chirality 
results from a distortion of the backbone of the framework. Diffraction frames clearly 
distinguish between MOF-5 and CMOF-5 and highlight the lower symmetry of CMOF-5 
compared to that of MOF-5 (Figure 2.5). The significant decrease in the unit cell 
 
Figure 2.1. An illustration of the synthesis of CMOF-5. The presence of L- or D- proline as an 
additive induces chirality and enables the growth and isolation of CMOF-5 crystals. 
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parameter, from 25.7726(10) Å in MOF-5 to 25.3688(7) Å in CMOF-5, is accompanied 
by a corresponding 4.63% decrease in the unit cell volume. The Zn-O bond distances 
within the Zn4O MBBs are statistically unchanged at 1.9329(6) Å and 1.909(17)-1.951(6) 
Å in MOF-5 and CMOF-5, respectively. The lower symmetry of CMOF-5 is illustrated 
by the wave-like nature of its structure that results from twisting of adjacent Zn4O 
clusters by 4.58° when compared to MOF-5 (viewed along 010, Figures 2.3 and 2.4). The 
benzene rings between adjacent metal clusters in CMOF-5 are oriented at a dihedral 
angle of -50°/+50°, giving rise to axial chirality. It appears that the atropisomer-like 
 
Figure 2.2. An illustration of the outcome of postsynthetic modification, PSM, studies 
conducted upon CMOF-5. PSM using most organic solvents resulted in conversion of CMOF-
5 into MOF-5 whereas NMP induces MOF-5 to revert to a racemic conglomerate of CMOF-5. 
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 Figure 2.3. Comparison of the two crystal structures of CMOF-5 and MOF-5. The water wave 
like layer of CMOF-5 is result from the distorted of metal clusters. 
 
Figure 2.4. Mirror images of Λ-CMOF-5 (blue) and Δ-CMOF-5 (red). The chirality originates 
from the torsion of metal clusters and BDC ligand. 
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bridging mode of the ligands translates chirality between from one cluster to another, 
thereby resulting in the observed chiral framework.  
To more fully characterize CMOF-5 and determine the nature of the residues that 
lie inside the void spaces, we conducted IR spectroscopy, nitrogen gas adsorption, 
thermogravimetric analysis (TGA) and microanalysis experiments upon MOF-5 and 
CMOF-5. IR spectroscopy (Figure 2.6) revealed the presence of the C=O stretching band 
of NMP at 1659 cm-1 and the absence the N-H bending band of proline at 1549 cm-1, 
 
Figure 2.5. Comparison of experimental and calculated powder X-ray diffraction patterns of 
cal-MOF-5 (black), cal-CMOF-5 (red), as-MOF-5 (blue) and as-CMOF-5 (green). 
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indicating that only NMP molecules are present in the channels of as synthesized CMOF-
5, as-CMOF-5 IR spectroscopy was diagnostic with respect CMOF-5 vs. MOF-5 in that 
there are blue shifts of the C=O stretching band of BDC  (1610 to 1598 cm-1) and the O-
Zn bending band of the Zn4O cluster (1396 to 1378 cm-1). Elemental analysis indicated 
that ∼9.5 NMP per formula unit are incorporated in the channel, which was supported by 
the weight loss of 45.0% observed from TGA experiments (Figure 2.7). The nitrogen gas 
sorption isotherm (Figure 2.8) for activated CMOF-5 at 77 K exhibits the typical type I 
 
Figure 2.6. IR spectra of Λ-CMOF-5, Δ-CMOF-5, MOF-5-1, MOF-5-2, L-proline and NMP. 
MOF-5-1 and MOF-5-2 were obtained after degassing of Λ-CMOF-5 and Δ-CMOF-5, 
respectively, with the same spectra of MOF-5. 
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 Figure 2.7. TGA curve of CMOF-5. 
 
Figure 2.8. Nitrogen adsorption isotherm for CMOF-5 at 77 K. 
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 Figure 2.9. Solid-state CD spectra of a representative single crystal of Λ-CMOF-5 (above) 
and a representative single crystal of Δ-CMOF-5 (below) reveal contrasting Cotton effects. 
 
Figure 2.10. Solid state CD spectra of Λ-CMOF-5 (10 crystals measured with ee = 80). 
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 Figure 2.11. Solid state CD spectra of Δ-CMOF-5 (10 crystals measured with ee = 80). 
 
Figure 2.12. Solid state CD spectra of CMOF-5 after PSM-II (10 crystals measured with ee = 
0). 21 
 
behavior of microporous materials with a Langmuir surface area of 4535 m2/g close to 
that reported for MOF-527. 
Further confirmation of the enantiomeric nature of Λ-CMOF-5 and Δ-CMOF-5 
was obtained through solid-state circular dichroism (CD) spectra obtained upon 
individual single crystals that had been converted to KBr pellets. Although single crystals 
of ca. 0.5 mm × 0.5 mm × 0.5 mm were obtained from synthesis, enantiomers cannot be 
identified by appearance because their morphologies are indistinguishable. Figure 2.9 
reveals that Λ-CMOF-5 and Δ-CMOF-5 exhibit different Cotton effects in the 
wavelength range 280-400 nm, supporting the formation of left-handed or right-handed 
enantiomers from reactions conducted in the presence of L-proline or D-proline, 
respectively. CD measurements were conducted upon a random set of 10 crystals from 
each crystallization batch (Figure 2.10 and 2.11). Enantiomeric excess, ee, (ee = 100 * (Λ 
- Δ)/(Λ + Δ)) of ca. 80 was observed both Λ-MOF-5 and Δ-MOF-5. 
Interestingly, when the same reaction was conducted in the absence of L-proline 
or D-proline, a new achiral layered square-grid compound, [Zn(BDC)(NMP)], was 
formed. This finding suggests that that the presence of proline is critical for the 
crystallization of Λ-CMOF-5 or Δ-CMOF-5. 
The behavior of CMOF-with respect to PSM induced by solvent was also 
investigated. Guest-induced changes between solid forms are an intriguing and largely 
understudied aspect of MOM chemistry although post-synthetic exchange of framework 
metals28-30 or ligands31 is becoming more widely studied. Direct observation of the 
location of guest molecules in void spaces would allow us to rationalize the effect of 
guest upon the coordination space around the MBBs but this was not possible because of 
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 Figure 2.13.  Powder X-ray diffraction (PXRD) patterns for calculated MOF-5 and CMOF-5 
immersed in different solvents. 
 
Figure 2.14.  Comparison of powder X-ray diffraction (PXRD) patterns for phase 
transformation from CMOF-5 to MOF-5 to CMOF-5. 23 
 
crystallographic disorder. Nevertheless, the overall effect of solvent exchange upon 
crystals of CMOF-5 immersed in a range of organic solvents could be evaluated. As 
revealed by Figure 2.13, in most instances CMOF-5 transformed to MOF-5 as evidenced 
by the coherence of the diagnostic cal-MOF-5 peaks. However, NMP, which presumably 
engages in strong interactions with the framework through hydrogen bonding and/or C-
H∙∙∙π interactions, does not induce a phase change in CMOF-5. In order to further 
elucidate the role of NMP, as-MOF-5 and MOF-5 obtained indirectly from CMOF-5 
were immersed in NMP and phase transformation to CMOF-5 occurred within several 
hours. PXRD patterns revealed the phase transformation process, as shown in Appendix 
B9. Solid-state CD spectra of such crystals are presented in Figure 2.12 and indicate a 
racemic mixture of enantiomers. Therefore, although NMP is achiral, it is capable of 
chiral induction on MOF-5 but only to a racemic conglomerate. The outcomes of these 
phase transformations were validated by PXRD experiments (Figure 2.14) since there 
were no differences in morphology, color or transparency.  
 
2.3. Conclusion 
 
In conclusion, we have demonstrated that MOF-5 can exist as a chiral variant, 
CMOF-5, that can be isolated through either of two simple methods: chiral induction 
using homochiral amino acid additives during synthesis; most surprisingly, PSM of 
MOF-5 into CMOF-5 induced by NMP, an achiral solvent. This behavior is somewhat 
related to the phenomenon of polymorphism32 but there is no direct analogy with phase 
changes in densely packed crystalline solids. Rather, the observed behavior appears to be 
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an artifact of the nanoporous structure and chemical composition of MOMs.  The 
discovery that molecules such as NMP can induce chirality in a high symmetry MOM 
such as MOF-5 is an unexpected aspect of MOM chemistry that, if it proves to be general 
in nature, will provide opportunities for both fundamental and applied aspects of chirality 
in porous crystalline MOMs.  
 
2.4. Experimental Section 
 
Materials and Measurements 
 All reagents and solvents were commercially available and used as received. 
 
X-ray diffraction 
Single-crystal X-ray diffraction data for Λ-CMOF-5 and Δ-CMOF-5 were collected on a 
Bruker D8 Venture PHOTON 100 CMOS system equipped with a Cu Kα INCOATEC 
Imus micro-focus source (λ = 1.54178 Å, T = 100(2) K). The diffraction data for 
[Zn(bdc)(NMP)] were measured on a Bruker-AXS SMART APEX/CCD diffractometer 
using Cu Kα radiation (λ = 1.5418 Å, T = 228(2) K). In all cases indexing was performed 
using APEX2.33 Data integration and reduction were performed using SaintPlus 6.01.34 
Absorption correction was performed by multi-scan method implemented in SADABS.35 
Space groups were determined using XPREP implemented in APEX2. Structures were 
solved using Patterson Method (SHELXS-97), expanded using Fourier methods and 
refined on F2 using nonlinear least-squares techniques with SHELXL-97 contained in 
APEX2 and WinGX v1.70.0136-40 programs packages.  
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 Λ-CMOF-5, Δ-CMOF-5 and [Zn(BDC)(NMP)]: 
The disorder of the ligand is observed in all three structures. Disordered atoms have 
generally been refined isotropically and for some cases with EADP constrains for very 
closely located atoms. Restraints have been used to refine the geometry of 1,4-BDC in all 
cases. All crystals were merohedrally twinned with 180 rotation about [011] as twinning 
law - (-1 0 0 0 0 1 0 1 0). In case of structure Δ-CMOF-5, the reflection set has been 
detwinned using Shelxl 2013 and Squeeze procedure in PLATON41,42 has been used to 
account for disordered solvent. For structure Λ-CMOF-5, the unidentifiable solvent 
molecules were refined as oxygen atoms with fractional occupancy (Detwinning caused 
deterioration of the data and has not been performed). All structures could be solved in 
Pa-3 space group and refined to similar, as for P213, R-values. The Sohncke space group 
P213 has been chosen in accordance with CD spectra suggesting that all crystals are chiral 
and other techniques suggesting, that there is no amino acid present in structural voids. 
The apparent centrosymmetricity could be caused by disorder (see main text for more 
details). For [Zn(BDC)(NMP)], all non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms were placed in geometrically calculated positions and included in the 
refinement process using riding model with isotropic thermal parameters. 
 
Powder X-Ray diffraction was performed on a Bruker D8 Advance θ/θ diffractometer 
(Cu-Kα,λ = 1.5418 Å) equipped with a 1D LynxEye Super Speed detector and 0.02 mm 
Ni filter. Elemental analyses (C, H and N) were performed on a Perkin-Elmer 240 CHN 
elemental analyzer. Thermogravimetric Analysis was performed using a TA Instruments 
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TGA-Q50 at a constant rate of 5ºC/min from 25ºC to 800ºC. IR spectra were recorded on 
a Perkin-Elmer Spectrum Two spectrometer. CD spectra were measured using a JASCO 
J-715 spectropolarimeter. Spectra were collected on powder samples of a crystal 
embedded in KBr pellets. Low pressure gas sorption isotherms were measured using a 
Micrometrics ASAP 2020 surface area and pore size analyzer. Prior to the measurements, 
the samples were exchanged with CH2Cl2 solvent 3 times per day for 3 days and were 
degassed for 1 day at 85 °C. UHP grade nitrogen gas was used for measurement. 
 
Synthesis of Λ-MOF-5 and Δ-MOF-5. A mixture of Zn(NO3)2∙6H2O (60 mg, 0.2 mmol), 
H2bdc (33 mg, 0.2 mmol), L-proline/D-proline (23 mg, 0.2 mmol), NMP (4 mL) and H2O 
(1 mL) was sealed in a 20 mL glass vial and heated at 120 °C for 2 days, and then cooled 
to room temperature. Large cubic shape crystals (0.5 mm × 0.5 mm × 0.5mm) for Λ-
MOF-5 and Δ-MOF-5 were obtained respectively, washed by NMP, and dried at room 
temperature. Yield: 84% based on Zn. Elemental analysis (%) calcd for Λ-MOF-5/Δ-
MOF-5: C71.5H97.5N9.5Zn4O2 (1711.73), C, 50.17; H, 5.74; N, 7.77; found: C, 50.14; H, 
5.39; N, 8.02.  
 
Synthesis of [Zn(BDC)(NMP)]. The similar procedure was used as Λ-MOF-5 and Δ-
MOF-5 without L-proline or D-proline. Colorless tabular crystals were obtained.  
 
Synthesis of as-MOF-5. A mixture of Zn(NO3)2∙6H2O (60 mg, 0.2 mmol), H2bdc (33 mg, 
0.2 mmol) and DEF (5 mL) was sealed in a 20 mL glass vial and heated at 135 °C for 2 
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days, and then cooled to room temperature. Large cubic shape crystals (0.2 mm × 0.2 mm 
× 0.2mm) for as-MOF-5 were obtained. 
 
Solvent exchange of CMOF-5. The crystals of Λ-MOF-5 were immersed in different 
solvent (Glycol, 2-propanol, hexane, ethanol, dimethylsulfoxide, ethyl acetate, toluene, 
tetrahydrofuran, acetone, methanol, acetonitrile, dimethyl formamide, dichloromethane, 
chloroform, cyclohexane and o-xylene) for 24h. The transformations from CMOF-5 to 
MOF-5 were studied by power X-ray diffraction. 
 
Phase transformation. The crystals of Λ-MOF-5 was immersed in dichloromethane for 
4h and transformed to MOF-5. And then the crystals were immersed in NMP for 6h. 
Powder X-ray diffraction and CD spectra were used to study the transformation of the 
crystals. 
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CHAPTER 3 
Homochiral Network Materials: Enantioselective Separation and Mechanism Study 
 
3.1. Introduction 
Combined with chirality and porosity in a single material1-3, homochiral network 
materials (CNMs) have been attracting significant attention for their potential 
applications in enantioselective separation4-6, asymmetric catalysis7,8 and nonlinear 
optical behavior9. The most typical approach to generate CNMs is the construction of 
homochiral molecular building blocks (MBBs)10-12 instead of spontaneous resolution of 
chiral nets comprised of achiral MBBs13-15. CNMs with homochiral MBBs covalently 
bonded to the framework as linking or pendant ligands can be synthesized by homochiral 
ligands such as L-aspartate acid16, L-lactic acid17, L-leucine derivatives18, L-camphoric 
acid derivatives19, D-tartaric acid derivatives6, BINOL derivatives20, Schiff base 
derivatives21-24. In some cases, the costly for chiral species and racemization during 
synthesis25-27 limits the development of CNMs compare with regular MOFs28,29. In 
addition, the structural diversity with restricted chiral spaces is responsible for the 
moderate chiral resolution abilities. Therefore, it is necessary to rationally construct 
robust CNMs with cheap, readily available homochiral ligands with proper functionality 
and connectivity. 
Despite the development of CNMs in terms of network designation, rationalization and 
functionalization18,30-34, the mechanism for enantioselective separation of chiral guest 
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molecules has not been fully investigated. Although single crystal structural analysis 
provides a straightforward explanation of host-guest interactions, such a situation is 
mainly because of the loss of crystallinity after solvent exchange process or the highly 
disordered guest molecules16,19. It is not surprising that only a few examples show the 
intermolecular interactions between CNMs and chiral guest molecules20,35-36. However, 
the establishment of the mechanism for chiral resolution is expected to inspire people 
with the general applicability to enhance the recognition of CNMs for chiral molecules. 
Specifically, the higher ee values can be achieved through stronger van der Waal forces, 
hydrogen bonding interactions and π-π stacking interactions. Thus, the fact prompts us to 
study the effect of external conditions to increase the enantioselectivity of CNMs. 
 
3.2. Results and Discussion 
 
we report the synthesis and structures of a pair of robust CNMs, [Co2(S-
man)2(bpy)3](NO3)2∙guests (1S) and [Co2(R-man)2(bpy)3](NO3)2∙guests (1R), which were 
prepared by solvent diffusion of a methanol solution of Co(NO3)2∙6H2O and enantiopure 
mandelic acid (S isomer for 1S and R isomer for 1R) into a nitrobenzene (NB) solution of 
bpy in the present of a 1:1 methanol/nitrobenzene buffer solution. Single crystal X-ray 
diffraction revealed that 1S and 1R are isostructural, which both crystallized in chiral 
space group P21. In 1S, the Co2+ ions are linked by S-madelate ligands to form 1D chiral 
chains running along the a axis (Figure 3.1a). These chains are further interlinked by bpy 
in the other two directions to form a 3D network, as shown in Figure 3.1b. In contrast, R-
madelate ligands in 1R lead up to the opposite configuration of 1D chains (Figure 3.1c). 
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Like that in 1S, the 3D structure of 1R is generated through bpy interlink along b and c 
directions (Figure 3.1d).  
 
 
Figure 3.1. Left: A view of the 1D chiral chains linked by (a) L-mandelic acid in the structure 
of 1S and (c) R-mandelic acid in the structure of 1R. Right: Projection view of the structures 
of 1S (b) and 1R (d). Hydrogen atoms, nitrate anions and solvent molecules have been 
omitted for clarity. 
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 In 1S, it has an open pillared architecture with 1D channels defined by the length 
of bpy ligands (Figure 3.2a). The distance between two layers connected by bpy pillars 
(along c axis) is 11.445 Å, and the distance between two adjacent chains from the 
interlayer is 11.324 Å. The cross section of the resulting channels is 8.0 Å × 8.0 Å (van 
der Waals radius). Besides, the chiral centers of S-mandelate ligands are exposed in the 
voids, with respect to the phenyl groups hanging inside the channels, which give rise to a 
homochiral porosity of 1S. The projection of chiral units reduces the symmetry of the 
channels, as a result of uneven void space and contact surface (Figure 3.2b). The void 
 
Figure 3.2. (a) Perspective view of the 3D network of 1S. (b) The contact surface of 1S. 
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volume of the channels is calculated to be 33% of the total volume. Additional hydrogen 
bonding interactions between the chiral motifs from two adjacent chains and nitrate 
counterions align the nitrate ions uniformly along a axis (Figure ). Highly directional 
noncovalent interactions between nitrate ions and guest molecules further strengthen the 
chirality of the pores. In the as-synthesized 1S and 1R, the channels are occupied by 
nitrobenzene, methanol and water molecules. The formulas refined from single crystal 
diffraction data are [Co2(S-man)2(bpy)3](NO3)2∙2NB∙CH3OH∙H2O (1S∙NB) and [Co2(R-
man)2(bpy)3](NO3)2∙2NB∙CH3OH∙H2O (1R∙NB), respectively. 
 
Table 3.1. Resolution of PP by 1S and 1R at Room Temperature for Different Time 
Period 
Material Time S-PP:R-PPa ee [%]a Loading [%]b 
1S∙DCM /1S∙DCM 1d 41:59 / 58:42 18 / 16 82 / 83 
3d 39:61 / 61:39 22 / 22 88 / 88 
5d 39:61 / 62:38 22 / 24 96 / 97 
7d 34:66 / 65:35 32 / 30 70 / 71 
a Determined by HPLC analysis using a chiral OD stationary phase. b Released PP was 
determined by UV-vis. See SI for detail. 
 
With an eye toward chiral species in pharmaceutical application, the observed 
high propensity of 1S and 1R with chiral cavities, along with the arrangement of exposed 
electronegative nitrate anions inside the channels, has potential value for the formation of 
inclusion materials that discriminate between chiral guests. The encapsulated molecules 
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could be extracted by facile disassembly followed by host regeneration. Thus, we 
examined the resolution of 1-phenyl-1-propanol (PP) enantiomers in the homochiral 
porous materials 1S and 1R. The as-synthesized 1S∙NB and 1R∙NB were washed with 
DCM to completely remove NB. The resulting crystals, 1S∙DCM and 1R∙DCM, were 
immersed in neat racemic PP for different time period, and washed with cyclohexane to 
remove the residue PP attached on the surface of the crystals. The released PP from the 
inclusion materials, namely 1S∙PP and 1R∙PP, were extracted by DCM and determined 
by the chiral HPLC and UV-vis analysis. As shown in Table 3.1, 1S∙DCM and 1R∙DCM 
exchanged for 7d exhibit higher chiral separation for PP with ee of 32% and 30%, 
respectively. The loading amount of PP increased gradually from 82% to 96% within 5d 
period. However, additional 2d exchange will decrease the encapsulate PP in the chiral 
pore space within the framework. When the resolution of PP was performed at 40°C, a 
distinct enantioselective separation behavior was observed (Table 3.2). In particular, the 
ee values remain ~26% from 1d to 5d, which indicates the saturation of recognition 
Table 3.2. Resolution of PP by 1S and 1R at 40 °C for Different Time Period 
Material Time S-PP:R-PPa ee [%]a Loading [%]b 
1S∙DCM /1R∙DCM 1d 37:63 / 63:37 26 / 26 92 / 94 
2d 37:63 / 63:37 26 / 26 93 / 94 
3d 36:64 / 63:37 28 / 26 96 / 97 
5d 37:63 / 64:36 26 / 28 70 / 69 
a Determined by HPLC analysis using a chiral OD stationary phase. b Released PP was 
determined by UV-vis.  
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between chiral PP and the chiral framework. The rate of resolution kinetics was 
accelerated to reach equilibrium at higher temperature.  
The guest molecules in 1S and 1R can be smoothly exchanged with other solvent 
or guest molecules in solution without causing structural collapse, as confirmed by 
powder X-ray diffraction (Figure 3.3). The phase purity of the guest exchanged materials 
in consistent with the crystallographically calculated data, demonstrating the stability of 
 
Figure 3.3. PXRD patterns of calculated 1S∙NB (cal-1S∙NB), as-synthesized 1S∙NB (as-
1S∙NB), calculated 1S∙PP (cal-1S∙PP), as-synthesized 1S∙PP (as-1S∙PP) and DCM exchanged 
1S after chiral resolution (DCM-ex-1S). 
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the robust framework with respect to guest exchange. Thermogravimetric analysis of 1S 
and 1R under a nitrogen flow reveals the loss of guest molecules between room 
temperature and 200 °C. Further heating will cause the decomposition of the networks 
(Figure 3.4).  
The characteristics of the interactions between guest molecules and the internal 
surface of the network are the key to rationalize the enantioselective separation abilities 
of 1S and 1R. It is noteworthy that the crystals can be prepared by diffusion method 
using NB, chloroform, even PP as a bottom layer. It is a solvent independent enantiopure 
 
Figure 3.4. TGA plots of as synthesized 1S∙NB (as-1S∙NB), DCM exchanged 1S after chiral 
resolution (DCM-ex-1S) and as synthesized 1S∙PP (as-1S∙NB).  
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crystal growth process that minimizes the temptation effect of the solvent through which 
assembly occurs. In addition, the guest molecules in the voids of 1S and 1R can be 
exchanged by polar solvent such as DCM, MeOH, PP. Interestingly, by suspending the 
crystalline material into non-polar and hydrophobic solvent cyclohexane (CH), the 
 
Figure 3.5. Comparison of guest molecules within the channels of as-synthesized 1S∙NB (a) 
and CH exchanged 1S∙CH (b). Hydrogen atoms, bpy linkers and disordered PP molecules 
with low occupancy are omitted for clarity. Hydrogen bonds are represented by dashed lines. 
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channels are occupied by CH, as evidenced by single crystal diffraction data (Figure 3.5). 
No hydrogen bonding interactions are found between the chiral motifs of the network and 
 
Figure 3.6. Comparison of guest molecules within the channels of as-synthesized 1S∙PP (a) 
and PP exchanged 1S∙PPex (b). Absolute configuration of PP from left to right: R, R, R (a) 
and R, R, S (b), respectively. Hydrogen atoms, bpy linkers and disordered PP molecules with 
low occupancy are omitted for clarity. Hydrogen bonds are represented by dashed lines. 
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NB/CH in 1S∙NB and 1S∙CH. The differentiation of substrates inside the amphiphilic 
channels is on the basis of hydrophilic nitrate anions and hydrophobic phenyl groups. 
To investigate the enantioselective separation performance for PP, we 
characterized the single crystal structures of the as-synthesized 1S∙PP using racemic PP 
as bottom layer solvent and PP exchanged 1S∙PPex prepared by soaking 1S∙DCM in 
racemic PP. The unit cells doubled in both structures compared with 1S∙NB and 1S∙CH, 
as a result of larger size of PP molecules. Therefore, within the same cell volume (~5730 
Table 3.3. Resolution of PP by 1S and 1R at Room Temperature for 5 days 
Materiala Additive [μL, %]b S-PP:R-PPc ee [%]c Loading [%]d 
1S/1R 0, 0 33:67 / 67:33 34 / 34 96 / 95 
10, 50 30:70 / 69:31 40 / 38 99 / 98 
10, 90 35:65 / 69:31 30 / 38 97 / 97 
50, 50 35:65 / 69:31 30 /38 83 / 86 
50, 90 34:66 / 69:31 32 / 38 82 / 86 
100, 90 25:75 / 72:28 50 / 46 72 / 70 
200, 90 20:80 / 76:24 60 / 52 33 / 30 
a The materials were obtained from 1S∙DCM and 1R∙DCM under vacuum. b Different 
concentration of MeOH aqueous solutions were used as additives in 1 mL racemic PP. c 
Determined by HPLC analysis using a chiral OD stationary phase. d Released PP was 
determined by UV-vis. See SI for detail. 
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Å3), 4 NB/CH and 3 PP were trapped in the channels, respectively. As shown in Figure 
3.6, the crystal structures clearly indicates that 1S specifically recognizes R-PP from the 
racemic mixture of PP. In both structures, the locations of the primary and secondary PP 
(R enantiomers) are similar (from left to right). The hydroxyl groups from the primary 
and secondary PP form hydrogen bonds with nitrate anions, with the O-H∙∙∙O distances of 
3.022 and 2.934 Å in 1S∙PP and 3.021 and 2.831 Å in 1S∙PPex, respectively. The 
Table 3.4. Resolution of PP by 1S and 1R at 40 °C for 1 day 
Materiala Additive 
[μL, %]b 
S-PP:R-PPc ee [%]c Loading [%]d 
1S/1R 0, 0 41:59 / 59:41 18 / 18 92 / 89 
10, 50 41:59 / 61:39 18 / 22 98 / 98 
10, 90 40:60 / 60:40 20 / 20 98 / 97 
50, 50 35:65 / 66:34 30 / 32 82 / 80 
50, 90 38:62 / 65:35 24 / 30 84 / 86 
100, 90 25:75 / 73:27 50 / 46 61 / 66 
200, 90 22:78 / 76:24 56 / 52 28 / 26 
a The materials were obtained from 1S∙DCM and 1R∙DCM under vacuum. b Different 
concentration of MeOH aqueous solutions were used as additives in 1 mL racemic PP. c 
Determined by HPLC analysis using a chiral OD stationary phase. d Released PP was 
determined by UV-vis.  
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hydrogen bond motif mediated by methanol molecule in 1S∙PP forms a 5 member ring, in 
which the tertiary PP is closer to perpendicular with the 2D layer. In contrast, the bulkier 
DCM molecule in 1S∙PPex compresses the hydrogen bond motif into a 4 member ring 
 
Figure 3.7. Comparison of guest molecules within the channels of as-synthesized 1S∙PP (a) 
and PP exchanged 1S∙PPex’ with 100 μL 90% MeOH: 10% H2O additive (b). Absolute 
configuration of PP from left to right: R, R, R (a) and R, R, R (b), respectively. Hydrogen 
atoms, bpy linkers and disordered PP molecules with low occupancy are omitted for clarity. 
Hydrogen bonds are represented by dashed lines.  
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that causes the tertiary PP towards parallel with the bc plane. Additional contact is found 
between DCM and ethyl group from PP with C-H∙∙∙Cl distance of 3.518 Å. This change 
in orientation is responsible for the enantioselection of PP, which gives higher ee of 100% 
in 1S∙PP relative to 33% in 1S∙PPex. 
In order to verify the mechanism, as well as to increase the enantioselectivity of 
PP, the evacuated single crystals 1S and 1R were soaked into racemic PP in the present 
of different amount of methanol aqueous solutions at room temperature for 5 days. As 
listed in Table 3.3, 1S and 1R show different recognition behaviors for PP. Without any 
additive in PP, the ee values are both 34% with the loading amount of 96% and 95% for 
1S and 1R, respectively. As the volume of additives increases from 10 to 50 μL, the ee 
values almost remain the same (~30% for 1S and 38% for 1R), while the loading amount 
decreases from 99% (98%) to 82% (86%) for 1S (1R). The highest ee value (60%) is 
observed with an additive of 200 μL 90% methanol solution, but the loading amount is 
relatively low (33%). To our knowledge, the high enantioselective separation of PP by 1S 
and 1R is 3.3 times higher than the reported highest value10. The other set of experiments 
was carried out at 40 °C for 1d (Table 3.4). The ee values increase gradually with the 
larger amount of additives. To the contrary, the loading amount of encapsulated PP drops 
from 98% to 28%.   
The single crystal structure of PP exchanged 1S in the present of additives, 
namely 1S∙PPex’, further suggests it undergoes the same mechanism as 1S∙PP. As shown 
in Figure 3.7, the PP molecules afford the similar positions and configurations in both 
structures. The slightly difference is origin from the substitution of one methanol in 
1S∙PP to water in 1S∙PPex’. Indeed, the two molecules have the same function to form a 
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5 member ring of hydrogen bond motif. With improved enantioselectivity, this method 
may offer promise for the separation of enantiopure PP. 
 
3.3. Conclusion 
 
In conclusion, we have described a single step synthesis of a pair of robust CNMs 
starting from commercially available chemicals. Owing to the 1D homochiral channels 
within the 3D network, 1S and 1R demonstrate highly selective recognition toward PP. 
Given the fact that guest molecules play an important role in directing the conformation 
of PP through hydrogen bonding interactions inside the amphiphilic channels, the ee 
value can be improved up to 60% with an additive of methanol aqueous solution. Our 
systematic studies that address the process of PP resolution will promote the development 
of chiral separation chemistry, which will be potentially implemented in pharmaceutical 
and industrial applications.  Further studies will be conducted on the effect of decoration 
with other anions to control the chiral pore size and modulate the chiral channel surface 
to increase the enantioselectivity of chiral guest molecules.    
 
3.4. Experimental Section 
 
Materials and Measurements: All reagents and solvents were commercially available 
and used as received. 
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Crystallographic studies  
Single-crystal X-ray diffraction data were collected on a Bruker D8 Venture PHOTON 
100 CMOS system equipped with a Cu Kα INCOATEC Imus micro-focus source (λ = 
1.54178 Å, T = 100(2) K). In all cases indexing was performed using APEX2.37 Data 
integration and reduction were performed using SaintPlus 6.01.38 Absorption correction 
was performed by multi-scan method implemented in SADABS.39 Space groups were 
determined using XPREP implemented in APEX2. Structures were solved using 
Patterson Method (SHELXS-97), expanded using Fourier methods and refined on F2 
using nonlinear least-squares techniques with SHELXL-97 contained in APEX2 and 
WinGX v1.70.0140-44 programs packages.  
 
Physical measurements  
Powder X-Ray diffraction was performed on a Bruker D8 Venture using Cu-Kα radiation 
(λ = 1.5418 Å). Elemental analyses (C, H and N) were performed on a Perkin-Elmer 240 
CHN elemental analyzer. Thermogravimetric Analysis was performed using a TA 
Instruments TGA-Q50 at a constant rate of 5ºC/min from 25ºC to 800ºC. UV-vis spectra 
were measured using a JASCO J-715. HPLC measurements were carried out on a 
Shimadzu HPLC system with Chiralcel OD-H column with a flow rate of 1 mL/min.  
 
Synthesis of 1S∙NB and 1R∙NB. A 5 mL methanol solution of 0.4 mmol Co(NO3)2∙6H2O 
(120 mg) and 0.4 mmol enantiopure mandelic acid (S isomer for 1S and R isomer for 1R, 
60.8mg) was layered above a 5 mL nitrobenzene (NB) solution of 0.3 mmol bpy (46.8 
mg). The buffer solution of a 5mL 1:1 methanol/nitrobenzene was layered between the 
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top and the bottom layers to allow slow diffusion for 7 days. Red rectangular prismatic 
crystals were obtained in ~50% yield. 
 
Synthesis of 1S∙PP and 1R∙PP.  1S∙PP and 1R∙PP were prepared by a similar procedure 
to that of 1S∙NB and 1R∙NB except using racemic 1-phenyl-1-propanol (PP) instead of 
NB. Red rectangular prismatic crystals were obtained in ~50% yield. 
 
Solvent exchanged 1S∙Guests and 1R∙Guests.  The as-synthesized 1S∙NB and 1R∙NB 
were washed with DCM. The resulting materials were named 1S∙DCM and 1R∙DCM. 1S 
and 1R were obtained from 1S∙DCM and 1R∙DCM under vacuum.  1S∙CH and 1R∙CH 
were prepared by immersing the crystals of 1S∙DCM and 1R∙DCM into cyclohexane 
(CH).  
 
Chiral Resolution of PP.  The DCM exchanged 1S∙DCM and 1R∙DCM were immersed 
in 1 mL racemic PP for different time period at different temperatures. The crystals were 
filtered and washed with CH for several times to remove the residue PP on the surface of 
the crystals. DCM was used to extract PP from the crystals. The solution was analyzed by 
chiral HPLC to determine ee values and UV-vis to determine loading amount. The 
resulting crystals were dried in air and weighted. Standard calibration curve of PP was 
generated by measuring different concentration of PP in DCM, as shown in the figure 
below. The formula used to calculate the loading amount is 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙  𝑃𝑃 (𝑚𝑜𝑙)
𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑃𝑃 (𝑚𝑜𝑙) × 100%. 
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 Figure 3.8. Standard calibration curve of PP: 
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Appendix A. Crystal data and structure refinement 
Appendix A1 Crystal data and structure refinement details of the frameworks of CMOF-5 
and [Zn(bdc)(NMP)].  
 Λ-CMOF-5 Δ-CMOF-5 [Zn(bdc)(NMP)] 
formula C24H12O23.81Zn4  C24H12O13Zn4 C13H13NO5Zn 
fw 942.82 769.81 328.61 
temp(K) 100(2) 100(2) 228(2) 
cryst system Cubic Cubic Monoclinic 
space group P213 P213 P21/c 
a (Å) 25.3688(7) 25.3504(6) 7.45310(10) 
b (Å) 25.3688(7) 25.3504(6) 13.9080(2) 
c (Å) 25.3688(7) 25.3504(6) 12.7717(2) 
α (°) 90.00 90.00 90.00 
β (°) 90.00 90.00 103.2200(10) 
γ (°) 90.00 90.00 90.00 
V (Å3) 16326.7(8) 16291.2(12) 1288.80(3) 
Z 8 8 4 
Dc (g·cm-3) 0.767 0.628 1.694 
μ (mm-1) 1.694 1.536 2.843 
F (000) 3732.0 3040.0 672.0 
Rint 0.0908 -a 0.0466 
GOF 1.083 1.052 1.095 
R1 (I>2σ(I)) 0.0956 0.0729 0.0281 
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wR2 (all data) 0.2728 0.2180 0.0727 
△ρmax (e Å-3) 0.95 0.84 0.33 
△ρmin (eÅ-3) -0.76 -0.52 -0.38 
a HKL file has been generated from detwinned FCF. 
 
Appendix A2. Crystal data and structure refinement details of the as-synthesized CNMs.  
 1S∙NB 1R∙NB 1S∙PP 1R∙PP 
formula C58.8751H46.72925Co
2N10.14585O16.2917 
C60.4186H50.0155Co2
N10.4031O16.8062 
C113.89223H106.69269
Co4N16O28.26682 
C111.57734H97.92786C
o4N16O28.01454 
fw 1274.86 1308.55 2387.53 2346.86 
temp(K) 100(2) 100(2) 100(2) 100(2) 
cryst system Monoclinic Monoclinic Monoclinic Monoclinic 
space group P21 P21 P21 P21 
a (Å) 10.2742(4) 10.2416(6) 11.4450(7) 11.4474(6) 
b (Å) 24.9061(10) 24.9560(15) 24.7522(14) 24.7438(12) 
c (Å) 11.4398(5) 11.4453(7) 20.3545(11) 20.3461(10) 
α (°) 90 90 90 90 
β (°) 90.9745(15) 91.106(3) 92.722(3) 92.561(3) 
γ (°) 90 90 90 90 
V (Å3) 2926.9(2) 2924.8(3) 5759.7(6) 5757.3(5) 
Z 2 2 2 2 
Dc (g·cm-3) 1.447 1.486 1.377 1.354 
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μ (mm-1) 5.113 5.140 5.114 5.106 
F (000) 1311.0 1348.0 2472.0 2423.0 
Rint 0.0363 0.0408 0.0635 0.0587 
GOF 1.081 1.069 1.035 1.028 
R1 (I>2σ(I)) 0.0902 0.0889 0.0678 0.0594 
wR2 (all data) 0.2299 0.2125 0.1813 0.1561 
△ρmax (e Å-3) 2.11 1.89 0.92 0.69 
△ρmin (eÅ-3) -0.78 -1.24 -0.42 -0.37 
Flack - 0.235(4) 0.122(6) 0.099(3) 
 
 
Appendix A3 Crystal data and structure refinement details of the guest exchanged CNMs. 
 1S∙CH 1S∙PPex 1S∙PPex’ 
formula C44H44N16O16Co4 C115.46463H106.87969Cl1.17
614Co4N16O26.87563 
C114.13073H103.91454Co4N16
O27.99144 
fw 1288.67 2426.04 2383.19 
temp(K) 100(2) 100(2) 100(2) 
cryst system Monoclinic Monoclinic Monoclinic 
space group P21 P21 P21 
a (Å) 10.2208(3) 11.4393(2) 11.4463(3) 
b (Å) 23.9660(9) 24.6749(5) 24.6528(7) 
c (Å) 11.4286(4) 20.3245(4) 20.3256(6) 
56 
 
α (°) 90 90 90 
β (°) 91.7114(16) 92.3471(6) 92.6948(13) 
γ (°) 90 90 90 
V (Å3) 2798.21(17) 5732.05(19) 5729.2(3) 
Z 2 2 2 
Dc (g·cm-3) 1.529 1.406 1.381 
μ (mm-1) 9.807 5.385 5.139 
F (000) 1312.0 2509.0 2465.0 
Rint 0.0479 0.0462 0.0614 
GOF 1.041 1.018 1.017 
R1 (I>2σ(I)) 0.0747 0.0421 0.0578 
wR2 (all data) 0.1877 0.1077 0.1506 
△ρmax (e Å-3) 0.96 0.76 0.94 
△ρmin (eÅ-3) -0.93 -0.30 -0.38 
Flack 0.038(4) 0.017(3) 0.104(3) 
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Appendix B. HPLC spectra 
 
Results 
Pk # Name Retention Time Area Percent 
1  7.904  49.664 2  8.820  50.336 
Totals    100.000  
Appendix B1. HPLC spectra of racemic PP. Eluent: 95% hexane: 5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  7.796  58.984 2  8.788  41.016 
Totals    100.000  
Appendix B2. HPLC spectra of the solution extracted from PP encapsulated 1S∙DCM (1d). 
Eluent: 95% hexane: 5% isopropanol. 
58 
 
 Results 
Pk # Name Retention Time Area Percent 
1  7.800  60.709 2  8.772  39.291 
Totals    100.000  
Appendix B3. HPLC spectra of the solution extracted from PP encapsulated 1S∙DCM (3d). 
Eluent: 95% hexane: 5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  7.800  60.874 2  8.776  39.126 
Totals    100.000  
Appendix B4. HPLC spectra of the solution extracted from PP encapsulated 1S∙DCM (5d). 
Eluent: 95% hexane: 5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  7.800  65.564 2  8.772  34.436 
Totals    100.000  
Appendix B5. HPLC spectra of the solution extracted from PP encapsulated 1S∙DCM (7d). 
Eluent: 95% hexane: 5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  7.872  42.508 2  8.856  57.492 
Totals    100.000  
Appendix B6. HPLC spectra of the solution extracted from PP encapsulated 1R∙DCM (1d). 
Eluent: 95% hexane: 5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  7.796  39.243 2  8.768  60.757 
Totals    100.000  
Appendix B7. HPLC spectra of the solution extracted from PP encapsulated 1R∙DCM (3d). 
Eluent: 95% hexane: 5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  7.804  38.374 2  8.772  61.626 
Totals    100.000  
Appendix B8. HPLC spectra of the solution extracted from PP encapsulated 1R∙DCM (5d). 
Eluent: 95% hexane: 5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  7.792  34.698 2  8.768  65.302 
Totals    100.000  
Appendix B9. HPLC spectra of the solution extracted from PP encapsulated 1R∙DCM (7d). 
Eluent: 95% hexane: 5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  7.588  62.881 2  8.752  37.119 
Totals    100.000  
Appendix B10. HPLC spectra of the solution extracted from PP encapsulated 1S∙DCM (40 °C for 
1d). Eluent: 95% hexane: 5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  7.860  63.133 2  8.472  36.867 
Totals    100.000  
Appendix B11. HPLC spectra of the solution extracted from PP encapsulated 1S∙DCM (40 °C for 
2d). Eluent: 95% hexane: 5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  7.828  63.677 2  8.564  36.323 
Totals    100.000  
Appendix B12. HPLC spectra of the solution extracted from PP encapsulated 1S∙DCM (40 °C for 
3d). Eluent: 95% hexane: 5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  7.916  63.302 2  8.560  36.698 
Totals    100.000  
Appendix B13. HPLC spectra of the solution extracted from PP encapsulated 1S∙DCM (40 °C for 
5d). Eluent: 95% hexane: 5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  7.792  36.929 2  8.748  63.071 
Totals    100.000  
Appendix B14. HPLC spectra of the solution extracted from PP encapsulated 1R∙DCM (40 °C 
for 1d). Eluent: 95% hexane: 5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  7.872  36.835 2  8.476  63.165 
Totals    100.000  
Appendix B15. HPLC spectra of the solution extracted from PP encapsulated 1R∙DCM (40 °C 
for 2d). Eluent: 95% hexane: 5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  7.912  36.635 2  8.568  63.365 
Totals    100.000  
Appendix B16. HPLC spectra of the solution extracted from PP encapsulated 1R∙DCM (40 °C 
for 3d). Eluent: 95% hexane: 5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  7.900  36.383 2  8.528  63.617 
Totals    100.000  
Appendix B17. HPLC spectra of the solution extracted from PP encapsulated 1R∙DCM (40 °C 
for 5d). Eluent: 95% hexane: 5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  9.692  66.654 2  11.236  33.346 
Totals    100.000  
Appendix B18. HPLC spectra of the solution extracted from PP encapsulated 1S (25 °C for 5d 
without additive). Eluent: 96% hexane: 4% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  9.992  69.770 2  11.228  30.230 
Totals    100.000  
Appendix B19. HPLC spectra of the solution extracted from PP encapsulated 1S (25 °C for 5d 
with 10 μL 50% MeOH: 50% H2O). Eluent: 96% hexane: 4% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  9.876  65.225 2  11.176  34.775 
Totals    100.000  
Appendix B20. HPLC spectra of the solution extracted from PP encapsulated 1S (25 °C for 5d 
with 10 μL 90% MeOH: 10% H2O). Eluent: 96% hexane: 4% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  9.768  64.523 2  11.308  35.477 
Totals    100.000  
Appendix B21. HPLC spectra of the solution extracted from PP encapsulated 1S (25 °C for 5d 
with 50 μL 50% MeOH: 50% H2O). Eluent: 96% hexane: 4% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  9.920  66.372 2  11.184  33.628 
Totals    100.000  
Appendix B22. HPLC spectra of the solution extracted from PP encapsulated 1S (25 °C for 5d 
with 50 μL 90% MeOH: 10% H2O). Eluent: 96% hexane: 4% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  9.764  75.464 2  11.288  24.536 
Totals    100.000  
Appendix B23. HPLC spectra of the solution extracted from PP encapsulated 1S (25 °C for 5d 
with 100 μL 90% MeOH: 10% H2O). Eluent: 96% hexane: 4% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  9.796  80.179 2  11.336  19.821 
Totals    100.000  
Appendix B24. HPLC spectra of the solution extracted from PP encapsulated 1S (25 °C for 5d 
with 200 μL 90% MeOH: 10% H2O). Eluent: 96% hexane: 4% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  9.956  32.524 2  11.204  67.476 
Totals    100.000  
Appendix B25. HPLC spectra of the solution extracted from PP encapsulated 1R (25 °C for 5d 
without additive). Eluent: 96% hexane: 4% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  9.752  30.824 2  11.256  69.176 
Totals    100.000  
Appendix B26. HPLC spectra of the solution extracted from PP encapsulated 1R (25 °C for 5d 
with 10 μL 50% MeOH: 50% H2O). Eluent: 96% hexane: 4% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  9.944  30.968 2  11.188  69.032 
Totals    100.000  
Appendix B27. HPLC spectra of the solution extracted from PP encapsulated 1R (25 °C for 5d 
with 10 μL 90% MeOH: 10% H2O). Eluent: 96% hexane: 4% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  9.780  30.978 2  11.308  69.022 
Totals    100.000  
Appendix B28. HPLC spectra of the solution extracted from PP encapsulated 1R (25 °C for 5d 
with 50 μL 50% MeOH: 50% H2O). Eluent: 96% hexane: 4% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  9.968  30.694 2  11.212  69.306 
Totals    100.000  
Appendix B29. HPLC spectra of the solution extracted from PP encapsulated 1R (25 °C for 5d 
with 50 μL 90% MeOH: 10% H2O). Eluent: 96% hexane: 4% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  9.760  28.391 2  11.260  71.609 
Totals    100.000  
Appendix B30. HPLC spectra of the solution extracted from PP encapsulated 1R (25 °C for 5d 
with 100 μL 90% MeOH: 10% H2O). Eluent: 96% hexane: 4% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  9.788  23.992 2  11.316  76.008 
Totals    100.000  
Appendix B31. HPLC spectra of the solution extracted from PP encapsulated 1R (25 °C for 5d 
with 200 μL 90% MeOH: 10% H2O). Eluent: 96% hexane: 4% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  8.684  58.559 2  9.764  41.441 
Totals    100.000  
Appendix B32. HPLC spectra of the solution extracted from PP encapsulated 1S (40 °C for 1d 
without additive). Eluent: 95.5% hexane: 4.5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  8.764  59.334 2  9.840  40.666 
Totals    100.000  
Appendix B33. HPLC spectra of the solution extracted from PP encapsulated 1S (40 °C for 1d 
with 10 μL 50% MeOH: 50% H2O). Eluent: 95.5% hexane: 4.5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  8.780  60.092 2  9.864  39.908 
Totals    100.000  
Appendix B34. HPLC spectra of the solution extracted from PP encapsulated 1S (40 °C for 1d 
with 10 μL 90% MeOH: 10% H2O). Eluent: 95.5% hexane: 4.5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  8.804  64.934 2  9.888  35.066 
Totals    100.000  
Appendix B35. HPLC spectra of the solution extracted from PP encapsulated 1S (40 °C for 1d 
with 50 μL 50% MeOH: 50% H2O). Eluent: 95.5% hexane: 4.5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  8.804  62.040 2  9.892  37.960 
Totals    100.000  
Appendix B36. HPLC spectra of the solution extracted from PP encapsulated 1S (40 °C for 1d 
with 50 μL 90% MeOH: 10% H2O). Eluent: 95.5% hexane: 4.5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  8.812  75.010 2  9.904  24.990 
Totals    100.000  
Appendix B37. HPLC spectra of the solution extracted from PP encapsulated 1S (40 °C for 1d 
with 100 μL 90% MeOH: 10% H2O). Eluent: 95.5% hexane: 4.5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  8.816  77.651 2  9.928  22.349 
Totals    100.000  
Appendix B38. HPLC spectra of the solution extracted from PP encapsulated 1S (40 °C for 1d 
with 200 μL 90% MeOH: 10% H2O). Eluent: 95.5% hexane: 4.5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  8.756  41.141 2  9.828  58.859 
Totals    100.000  
Appendix B39. HPLC spectra of the solution extracted from PP encapsulated 1R (40 °C for 1d 
without additive). Eluent: 95.5% hexane: 4.5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  8.792  38.765 2  9.872  61.235 
Totals    100.000  
Appendix B40. HPLC spectra of the solution extracted from PP encapsulated 1R (40 °C for 1d 
with 10 μL 50% MeOH: 50% H2O). Eluent: 95.5% hexane: 4.5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  8.796  39.501 2  9.880  60.499 
Totals    100.000  
Appendix B41. HPLC spectra of the solution extracted from PP encapsulated 1R (40 °C for 1d 
with 10 μL 90% MeOH: 10% H2O). Eluent: 95.5% hexane: 4.5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  8.808  33.660 2  9.892  66.340 
Totals    100.000  
Appendix B42. HPLC spectra of the solution extracted from PP encapsulated 1R (40 °C for 1d 
with 50 μL 50% MeOH: 50% H2O). Eluent: 95.5% hexane: 4.5% isopropanol. 
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 Results 
Pk # Name Retention Time Area Percent 
1  8.808  35.131 2  9.892  64.869 
Totals    100.000  
Appendix B43. HPLC spectra of the solution extracted from PP encapsulated 1R (40 °C for 1d 
with 50 μL 90% MeOH: 10% H2O). Eluent: 95.5% hexane: 4.5% isopropanol. 
 
Results 
Pk # Name Retention Time Area Percent 
1  8.792  26.995 2  9.892  73.005 
Totals    100.000  
Appendix B44. HPLC spectra of the solution extracted from PP encapsulated 1R (40 °C for 1d 
with 100 μL 90% MeOH: 10% H2O). Eluent: 95.5% hexane: 4.5% isopropanol. 
79 
 
 Results 
Pk # Name Retention Time Area Percent 
1  8.812  23.873 2  9.892  76.127 
Totals    100.000  
Appendix B45. HPLC spectra of the solution extracted from PP encapsulated 1R (40 °C for 1d 
with 200 μL 90% MeOH: 10% H2O). Eluent: 95.5% hexane: 4.5% isopropanol. 
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